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A B S T R A C T

Alzheimer's disease (AD) is a leading cause of dementia, with no effective treatment currently available.
However, targeting the aging mechanism may improve outcomes and γ-aminobutyric acid (GABA) system al-
teration could have implications for treatment of cognitive decline in old age. We studied the effects of the GABA
system on brain activity in aged APP and PS1 transgenic mice. Low dose (0.1 mg/kg i.p.) GABAA agonist
muscimol and antagonist bicuculline were administered for moderate system activation and inhibition, re-
spectively. EEGs from the hippocampus (Hip) and prefrontal cortex (PFC) were recorded under spontaneous
state and during Y-maze performance. Basally, AD mice exhibited increased spontaneous EEG delta (2–4 Hz) and
decreased spontaneous EEG alpha (8–12Hz) activity in the Hip, and decreased Y-maze EEG theta (4–8 Hz)
activity in the PFC. Interestingly, GABAA activation and inhibition in AD mice reduced EEG delta activity and
increased EEG theta activity in the PFC, and behaviorally improved spatial recognition memory during Y-maze
testing. Decreased spontaneous EEG delta activity was also observed in the PFC. Specifically, GABAA activation
primarily affected low frequency EEG (2–12 Hz) activity in the PFC, whereas inhibition affected EEG activity
across many frequencies in the PFC and Hip. These data provide evidence for slower brain activity in AD mice.
Importantly, improved spatial memory after GABAA activation and inhibition may be explained by brain rhythm
recovery in certain regions. Our study highlights the potential clinical use of GABAA drugs to improve cognitive
disorders and restore neural network activity in AD.

1. Introduction

Alzheimer's disease (AD) is an important societal health concern. It
is the most common cause of dementia in the elderly and afflicts people
with increasing age. To date, however, effective treatments that can
slow or cure the disease are lacking. Many clinical trials and drug de-
velopments in AD have resulted in disappointing outcomes (Abbott and
Dolgin, 2016; Anand et al., 2014), suggesting the need for further un-
derstanding of the mechanism of AD. As aging is the main risk factor for
AD, it has been proposed that targeting the aging mechanism may
produce better outcomes (Lucanic et al., 2013).

Normal aging is accompanied by an imbalance in neurotransmitter
systems between excitation and inhibition (E/I), including the gluta-
mate and γ-aminobutyric acid (GABA) systems. The aging process can
severely impair the GABA system (McQuail et al., 2015; Rozycka and

Liguz-Lecznar, 2017), which has implications for the treatment of
cognitive decline in old age (Leventhal et al., 2003). For example, older
animals show decreased orientation and direction selectivity and in-
creased spontaneous activity in visual cortical neurons, consistent with
age-related degeneration of GABAergic inhibition (Schmolesky et al.,
2000). In addition, the GABA and GABA type a (GABAA) receptor
agonist muscimol can restore the functional selectivity of neurons de-
generated with age (Leventhal et al., 2003).

Previous studies on AD have primarily focused on aberrant ex-
citatory neuronal activity (Palop et al., 2007; Palop and Mucke, 2009),
such as in glutamate and choline systems, with less attention paid to the
GABA system. However, dysfunction of this system is reportedly in-
volved in AD neuropathology, particularly in cognitive deficits (Palop
and Mucke, 2016; Verret et al., 2012). Furthermore, GABAergic drugs
have been recently applied for cognitive recovery in AD treatment
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(Anand et al., 2014) and adjustment of E/I balance via the GABA
system is reported to play a potential role in AD treatment at the early
stage (Nava-Mesa et al., 2014; Rissman and Mobley, 2011).

Therefore, in this study, we explored the role of the GABAA system
in brain activity of AD transgenic mice at a late pathological stage. We
recorded EEGs from the prefrontal cortex (PFC), hippocampus (Hip),
and occipital cortex (Ctx, serving as a control) in mice carrying APPswe
and PS1dE9 genes and in their wild-type (WT) littermates under
spontaneous state and during Y-maze task performance. Both the
GABAA agonist muscimol and antagonist bicuculline were administered
at low doses (0.1mg/kg for both) due to their possible paradoxical
effects on cognition (Pilipenko et al., 2018). Accumulated evidence
suggests that 0.1mg/kg can be considered as a relatively low dose for
both drugs. For instance, Pilipenko et al. (2018) defined 0.01 and
0.05mg/kg as very low doses for muscimol and Castellano et al. (1993)
defined 0.5 mg/kg and 0.1 mg/kg as sub-doses for muscimol and bi-
cuculline, respectively. In addition, previous studies have suggested
that a bicuculline dose of 0.1 mg/kg is well below the convulsion-in-
ducing dose (Brioni and McGaugh, 1988; Yajima et al., 2000). This
study should improve our understanding of the pathophysiology of
brain oscillations in AD and of the relationship between network dys-
function and cognitive deterioration.

2. Materials and methods

2.1. Animals

Amyloid precursor protein/presenilin-1 double transgenic male
mice (strain name: B6/JNju-Tg (APPswe, PSEN1dE9)/Nju; abbreviated
to AD mice) and their WT littermates were purchased from the Nanjing
Biomedical Research Institute of Nanjing University (license number
SCXK [Su] 2015-0001) (Wang et al., 2015). The transgenic mice express
a chimeric mouse/human amyloid precursor protein (Mo/
HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9) directed to
central nervous system (CNS) neurons. The mice develop beta-amyloid
(Aβ) deposits in the brain by 6–7 months of age. Genotypes were
confirmed by polymerase chain reaction (PCR) genotyping at the
Nanjing Biomedical Research Institute of Nanjing University using
genomic DNA extracted from tail tissue samples.

Mice were individually marked with metallic ear-tags. During the
experimental sessions, the mice were housed in groups of 1–3 animals
in plastic cages (30×18×14 cm) under constant temperature
(23± 1 °C) and stable humidity with a natural light-dark cycle and free
access to food and water. All experimental and animal care procedures
were carried out in accordance with the guidelines for the National
Care and Use of Animals and approved by the National Animal
Research Authority. Furthermore, all experiments were approved by
the local Committee on Animal Use and Protection.

Surgery was performed on AD and WT mice at 50 weeks of age, at
least one week before the first EEG study (please refer to the Surgery
section). Fig. 1A provides details on the numbers and ages of each ex-
perimental group. Data were analyzed from surviving animals during
the entire recording period. For EEG analysis, data from individual
recording channels were removed because of loss of electrode contacts
and EEG artifacts. An enzyme linked immunosorbent assay (ELISA)
experiment was performed in the Hip and PFC of both AD and WT mice
to determine the levels of soluble Aβ in the brains of transgenic AD mice
compared to their WT littermates.

2.2. Drugs and drug administration

The GABAA receptor agonist, muscimol hydrobromide, was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and the GABAA re-
ceptor antagonist, (+)-bicuculline, was obtained from Selleck
Chemicals (Houston, TX, USA). Muscimol and bicuculline were dis-
solved in saline (Shandong Kangning Pharmaceutical Co., Ltd., China).

Both drugs were intraperitoneally (i.p.) administered at a volume of 0.1
ml/10 g body weight at a dose of 0.1 mg/kg. The molar doses of the
injected muscimol and bicuculline were 0.51 and 0.27 μmol/kg, re-
spectively, and their molar dose ratio was 1.89. Based on our pre-
liminary dose screening experiments (0.1, 0.5, and 1 mg/kg), muscimol
improved spatial recognition memory in normal mice at a dose of
0.1 mg/kg, whereas bicuculline had no effect on memory at the same
dosage. Furthermore, both drugs affected EEGs in the Hip and/or PFC at
this dose. Previous studies have shown that muscimol can prevent
cognitive deficits in animals at low doses of less than 1 mg/kg (Ding
et al., 2015; Pilipenko et al., 2018). Thus, in the current study, we used
a low dose of 0.1 mg/kg for muscimol and bicuculline. As a control,
saline was administered at a volume of 0.1 ml/10 g body weight.

The experimental routine of drug administration (Fig. 1B) was
randomized. WT and AD mice were used in a spontaneous EEG ex-
periment randomly grouped for muscimol or bicuculline administra-
tion. After at least one week of drug washout, these and additional mice
were used in a Y-maze EEG experiment randomly grouped for saline,
muscimol, or bicuculline administration. The half-life of muscimol is
relatively short (Disorbo et al., 2009; Michelot and Melendez-Howell,
2003). The drug is an active component of fly agaric and provokes
poisoning when consumed, with complete recovery usually observed
after 24 h without noticeable after-effects (Michelot and Melendez-
Howell, 2003). The half-life of bicuculline is also relatively short (e.g.,
5–6 h) (Ekimova, 2013; Johnston, 1991). The timeline of drug admin-
istration is detailed in the EEG recording protocols.

2.3. Surgery and verification of electrode locations

Surgery was performed under pentobarbital anesthesia (60 mg/kg,
i.p.; dissolved in 0.9% sodium, 10 mg/ml, Merck, Darmstadt,
Germany). After a midline scalp incision, five burr holes were drilled in
the skull. Two twisted pairs of perfluoroalkoxy (PFA)-coated stainless
steel wires (diameter 0.002”, A-M systems, WA, USA) were implanted
in the brain through the two holes, serving as EEG recording electrodes,
to record the right Hip (AP: − 1.82 mm, ML: + 1.5 mm, DV: − 1.7 mm
from skull) and right PFC (AP: + 2.95 mm, ML: + 1.5 mm, DV: −
0.75 mm from dura) (Zhang et al., 2016), respectively. A stainless-steel
watch screw (M1.0× L2.0mm, RWD) was placed in contact with the
dura through the hole, serving as the left Ctx (control) recording elec-
trode (AP: − 2.80mm, ML: − 2.25mm). Through the other two holes,
two stainless-steel watch screws were also placed in contact with the
dura above the left olfactory bulb and central cerebellum, serving as
reference and ground electrodes, respectively. All electrodes were at-
tached to male pins that were secured in a rectangular five by one pin
array and secured with dental acrylic. In addition, a general penicillin
antibiotic was injected (16 000 units, i.m.; Shandong Shengwang
Pharmaceutical, China) immediately after surgery. Subjects were per-
mitted at least one week to recover from surgery.

After the EEG experiments, the locations of electrodes were con-
firmed histologically. Electrolytic lesions were made by applying an
anode direct current (60mA, 2–3min) to each electrode to identify the
recording locations. The animals were anesthetized with pentobarbital
and intracardially perfused with saline (60–100ml) followed by 4%
paraformaldehyde (100–200ml; Tianjin Guangfu Fine Chemical
Research Institute, China). The brains were taken out and frozen sec-
tioned at a 30-μm thickness. The electrode locations were confirmed by
Nissl staining (Fig. 2). Data were excluded from any mice in which the
recording locations were misplaced.

2.4. EEG recording protocols

The EEG signal acquisition system consisted of an RHD2132 am-
plifier, RHD2000 USB interface board, and RHD2000 Interface GUI
Software (Intan Technologies, Los Angeles, CA, USA). Data were ac-
quired at a sampling rate of 1 kHz. All electrodes on each mouse were
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connected by a cable to the amplifier, then to the interface board, and
finally to the computer. The cable was suspended by a helium balloon
to allow the mice free movement. The recording was performed in a
shielding cage (80× 70×100 cm). The behaviors of mice in the cage
were monitored with a ceiling-mounted CCD camera. The video signals
were then displayed and saved by video-recording software.

2.4.1. EEG recording under spontaneous state
Mice were first allowed three days for habituation in the recording

conditions, each for 30min with the cable plugged in. During EEG re-
cording, baseline activity was first acquired for 30min, followed by an
injection of muscimol, bicuculline, or saline. Post-drug EEG recordings
were acquired for more than 2 h (Fig. 1B).

2.4.2. EEG recordings during Y-maze performance
Mice were treated with muscimol, bicuculline, or saline 30min

before the Y-maze task (Fig. 1B). Video-EEG recordings were performed
during the whole Y-maze task. During recording, the shielding cage was
decorated with 1–2 visual spatial cues (e.g., black square, yellow cir-
cular grating, white triangle) on each of the four walls. In addition, the
camera, amplifier, and exposed wood of the cage were used as spatial
cues.

A Y-maze was placed in the cage. Differential visual cues were also
placed on the walls of the maze. The Y-maze was made of black PVC

board, and consisted of three arms with an angle of 120° between ad-
jacent arms. Each arm was 8×30×15 cm (width× length× height).
The three identical arms were randomly designated: (1) start arm, in
which the mouse started to explore (always open); (2) novel arm, which
was blocked during the first trial, but open during the second trial; and,
(3) other arm (always open). The floor of the maze was covered with
sawdust, which was mixed after each individual trial to equate differ-
ential olfactory stimuli.

The Y-maze test consisted of two trials. The first trial (training
session) was of 10-min duration and allowed the mouse to explore only
two arms (start and other arm) of the maze, with the third (novel) arm
blocked. After an intertrial interval (ITI) of 1 h, the second trial
(testing/retention session) was conducted, during which all three arms
were accessible and novelty vs. familiarity was analyzed by comparing
behavior in all three arms. For the second trial, the mouse was placed
back in the maze in the same starting arm, with free access to all three
arms for 5min.

2.5. ELISA

The brains of mice were removed after decapitation and dissected
on an ice-cold plate to isolate the Hip and PFC tissues. The tissues were
initially stored in a liquid nitrogen tank and then in a refrigerator a
−80 °C until further use. For protein extraction, the tissues were

Fig. 1. Experimental design. (A) Schematic of study design and group compositions with number of animals used at different ages. (B) Timeline of drug adminis-
tration in spontaneous EEG and during Y-maze EEG performance.

Fig. 2. Example of histological localization
of lesion site. Left: schematic of anatomical
location of damaged region showing elec-
trolytic lesion on coronal section adapted
from the atlas of Franklin and Paxinos.
Right: representative photomicrograph of
stained coronal section showing typical
electrolytic lesion of hippocampus. Black
dots and arrows mark lesion sites in the
atlas and photomicrograph of stained cor-
onal sections, respectively.
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homogenized in RIPA buffer (150mM NaCl, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50mM Tris-HCL, pH 8.0) containing protease
and phosphatase inhibitors (Thermo Scientific, Rockford, IL, USA).
Homogenates were then centrifuged at 3 000 rpm for 20min at 4 °C.
The supernatants were collected and stored at −80 °C for ELISA. The
levels of soluble Aβ in the Hip and PFC of mice were determined by a
total human Aβ ELISA kit (EH025-48; ExCell Biology, Shanghai, China)
in accordance with the manufacturer's protocols. Absorbance was
measured at 450 nm using a 96-well plate reader. The concentrations of
total Aβ were calculated from standard curves, and data were expressed
as pg/ml.

2.6. Data analysis

As described earlier (Fu et al., 2008, 2011), EEG signals were ex-
amined by off-line analysis and spectral analysis was performed by
MATLAB. EEGs were recorded by the Intan system as rhd data files:
spontaneous EEGs were saved every 10min; Y-maze EEGs were saved
with every entry into each arm. Each rhd data file was first separated
into segments, with each segment comprised of 1 024 sample points.
After computer-assisted rejection of segments with artifacts, each seg-
ment was filtered for the following EEG frequency bands (with no 50 Hz
notch filter): (1) delta: 2–4 Hz, (2) theta: 4–8 Hz, (3) alpha: 8–12 Hz, (4)
beta: 12–20Hz, and (5) gamma: 20–100 Hz. For each frequency band,
the absolute power of each segment was calculated as: P = ∑�2/1 024. The
relative power (RP) was calculated as the percentage of power relative to the
total power of all frequency bands.

Spontaneous EEG analysis was performed as follows. Baseline EEG
activity was calculated as the mean value of RP during 30min of re-
cording. To analyze EEG activity in post-drug recordings, normalized
RP (NRP) was used and calculated as: NRP = (RP1−RP0)/
RP0×100%, (RP0: RP for baseline recording; RP1: RP for post-drug
recording). To obtain EEG changes with time, the NRP data for every
10min of recording were analyzed first. Two indices were then calcu-
lated: (1) mean value of NRP of the whole recording time; and, (2) peak
value of NRP during the entire recording time, which was calculated as
the maximal NRP absolute value. For example, for the set of values
(post-drug recording: 10–130min) 5.47, −4.05, −10.08, −10.46,
−13.50, −24.47, −23.40, −19.38, −19.97, −15.60, −14.67,
−24.08, and −16.52, the maximal NRP absolute value was 24.47, so
the peak value was −24.47.

Y-maze task-related EEG analysis was performed as follows. The
mean values of RP were separately calculated for the 10-min training
sessions and 5-min testing sessions. The mean RP of the testing sessions
consisted of EEG data recorded in the novel and familiar arms of the Y-
maze. EEG data in the start arm were excluded to avoid the stimuli of
placing the animal in the maze. Behavioral data in the Y-maze were
expressed as: (1) Duration of arm visits, i.e., time spent in each arm; (2)
Number of arm visits, i.e., number of entries in each arm; and (3) Total
number of arm entries in the Y-maze. Data from (1) and (2) were spatial

recognition memory indices, whereas (3) was a locomotor activity
index, all of which were determined during the 5-min retention test.

Comparisons of EEG baseline activity between the two groups were
analyzed using Student's t-test. Spontaneous EEG activity with time was
analyzed by repeated-measures ANOVA (ANOVA-R). Comparison of
baseline activity for each group was performed using ANOVA-R,
whereas group differences were determined by multivariate ANOVA-1.
Y-maze task-related EEG activity was analyzed by two-way ANOVA
(ANOVA-2). Further analysis of group differences was determined by
Student's t-test and treatment differences were determined by ANOVA-1
where appropriate. For behavioral data, differences between groups
were assessed with ANOVA-R and ANOVA-1 where appropriate, and
comparison with chance level (33.3%) was analyzed by one-sample t-
test. In addition, comparisons of Aβ levels between the two groups were
analyzed using Student's t-test. Data were expressed as means± SEM.
P-values of <0.05, <0.01, and< 0.001 were considered significant,
highly significant, and very highly significant, respectively.

3. Results

3.1. Spontaneous EEG recordings

3.1.1. AD mice exhibited abnormal baseline EEG activity
Each animal was recorded for 30min before drug administration to

obtain baseline EEG activity. The RPs of all five frequency bands from
all three recording regions were analyzed and then compared between
AD and WT groups (Table 1). The RP of the Hip EEG showed a sig-
nificant increase in the delta band and significant decrease in the alpha
band in AD mice compared to WT mice (t(34)=−2.43 and 3.02;
P<0.05 and<0.01 for delta and alpha, respectively). For the PFC
region, there were no significant differences in RP among all frequency
EEG bands for AD mice with respect to WT mice (P≥0.05 for all). In
addition, the Ctx region showed significantly lower and higher RP in
the theta and beta bands, respectively, in AD mice compared with WT
mice (t(34)= 2.64 and −2.46 for theta and beta, respectively;
P<0.05 for both).

3.1.2. GABAA activation and inhibition altered spontaneous EEG activity in
AD mice

Following drug administration, each animal was recorded for
spontaneous EEG activity for more than 2 h. The NRP from baseline
activity for all EEG frequency bands was analyzed, and the mean and
peak values within the whole recording time were calculated and
compared between AD and WT mice (Table 2). The peak value reflects
the maximal changes from baseline activity during the recording
period.

Muscimol treatment induced EEG activity differences between
groups in several frequency bands (delta and alpha). Significant dif-
ferences were observed in the PFC but not in the Hip or Ctx regions. In
the PFC, mean delta EEG activity was significantly lower (t(17)= 2.21,

Table 1
Baseline EEG activity in five frequency bands from delta to gamma.

Hip PFC Ctx

RP WT AD P value WT AD P value WT AD P value

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Delta 18.82 1.52 25.37 2.24 ↑<0.05* 29.23 1.39 33.57 1.86 0.07 10.12 0.54 12.29 1.30 0.14
Theta 38.24 1.12 38.51 1.33 0.87 38.21 0.78 36.29 0.64 0.06 39.78 1.30 35.11 1.20 ↓<0.05*
Alpha 18.06 1.01 14.42 0.66 ↓<0.01** 13.37 0.73 11.76 0.49 0.07 20.90 1.01 19.35 1.23 0.34
Beta 13.82 0.69 13.03 1.16 0.56 13.18 1.32 12.89 1.44 0.88 14.15 0.76 19.47 2.02 ↑<0.05*
Gamma 11.06 1.01 8.67 0.96 0.10 6.01 0.50 5.48 0.56 0.49 15.06 1.19 13.77 1.05 0.42

Up or down arrows respectively represent an increase or decrease in RP in AD mice compared to that in WT mice.
P values were obtained from comparisons between groups by Student's t-test.
Abbreviations: RP, relative power; Hip, hippocampus; PFC, prefrontal cortex; Ctx, cortex; WT, wild type; AD, APP and PS1 double transgenic mice.
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P<0.05) and peak alpha EEG activity was significantly higher (t
(17)=−2.13, P<0.05) in AD than in WT mice.

In contrast, bicuculline treatment led to EEG activity differences
between groups in a wider range of bands (from delta to gamma, ex-
cluding theta) in both the PFC and Hip regions but not in the Ctx region
(Table 2). In the PFC and Hip regions, the mean and/or peak RP values
were significantly lower in the delta band but significantly higher in the
alpha-gamma bands for AD mice than for WT mice (Hip mean: t
(16)=−2.49, P<0.05 for gamma; PFC mean: t(17)= 2.26 and
−2.30 for delta and alpha, respectively, P<0.05 for both; Hip peak: t
(16)= 2.36, −2.59, and −3.17, P<0.05, <0.05, and <0.01 for
delta, beta, and gamma, respectively; PFC peak: t(17)= 2.20, −3.17,
−2.46, and −3.00, P<0.05, <0.01, <0.05, and <0.01 for delta,
alpha, beta, and gamma, respectively). For these four frequency bands,
Fig. 3 shows changes in the Hip and PFC EEG activities with time. Time
had a significant effect on EEG activities of Hip delta and alpha-beta
bands and PFC delta and alpha bands (Hip: F(13, 208)= 2.96, 4.64,
and 4.34, P<0.05, 0.01, and 0.01 for delta, alpha, and beta, respec-
tively; PFC: F(13, 221)= 2.69 and 4.14, P<0.05 and 0.01 for delta
and alpha, respectively). Furthermore, a significant Group effect was
found on Hip gamma and PFC delta, alpha, and gamma bands (Hip
gamma: F(1, 16)= 6.08, P<0.05; PFC: F(1, 17)= 5.30, 5.43, and
4.53, P<0.05, <0.001, and <0.05 for delta, alpha, and gamma, re-
spectively). Further analysis was performed on each group and time
point in each band, with significance marked in the figures. Briefly, the
changes in EEG activities shown in the figure were in accordance with
the mean and peak values in Table 2. In total, bicuculline treatment
decreased EEG activities in the delta band and increased EEG activities
from the alpha to gamma bands in AD mice compared to those in WT
mice.

3.2. Y-maze performance EEG recordings

3.2.1. GABAA activation and inhibition improved memory retention in AD
mice

Behavioral data were first analyzed. Combined ANOVA-R displayed
significant differences in the percentages of time spent and number of
visits in the three arms of the Y maze (F(2,72)= 9.53 and 9.34 for Time
and Number, respectively, P<0.001 for both). Further analysis was
then performed for each group and treatment. WT mice possessed good
memory retention, but AD mice did not, as found after saline treatment
(Fig. 4A and B, left columns). The percentage of number of visits in the
novel arm was significantly lower for AD mice than for WT mice
(P<0.05). For the WT group, there was a significant Arm effect on the
percentage of number of visits (F(2, 12)= 11.86, P<0.01), with the
percentage in the novel arm also significantly higher than chance level
(33.3%; P<0.01).

Muscimol treatment improved memory performance in AD mice
(Fig. 4A and B, middle columns). For this group, muscimol treatment
significantly increased the percentage of time spent in the novel arm
compared with that of the saline treatment (Treatment effect, F
(2,20)= 6.64, P<0.01; muscimol vs. saline, P<0.05). In addition,
both AD and WT mice had scores significantly higher than chance levels
for the percentage of time spent and/or the percentage of number of
visits in the novel arm (P<0.05 for all).

Bicuculline treatment also improved memory retention in AD mice
but showed impairment in WT mice (Fig. 4A and B, right columns). The
Arm effect was significant for the percentages of time spent and number
of visits in AD mice (F(2, 12)= 12.00 and 4.53, P<0.001 and 0.05 for
Time and Number, respectively). AD mice also had scores significantly
higher than chance for the percentages of time spent and number of
visits (P<0.05 for both). In addition, bicuculline treatment sig-
nificantly increased the percentage of time spent in the novel arm in AD
mice compared with that of saline treatment (P<0.01). It is worth

Table 2
Post-drug spontaneous EEG activity in five frequency bands from delta to gamma.

NRP Hip PFC Ctx

WT AD P value WT AD P value WT AD P value

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Mean values
Muscimol Delta 0.19 5.52 −4.88 4.71 0.50 7.06 4.86 −5.29 2.99 ↓<0.05* 30.16 8.56 14.83 8.40 0.22

Theta 2.83 2.31 4.40 2.80 0.67 0.25 2.08 6.68 3.25 0.12 4.45 2.70 2.70 4.18 0.73
Alpha 5.78 7.77 9.17 5.84 0.73 0.69 7.50 12.46 6.87 0.26 1.11 5.42 9.18 8.81 0.45
Beta 9.60 5.58 2.72 4.58 0.35 −4.26 5.68 −4.44 5.17 0.98 1.42 3.34 2.00 4.14 0.92
Gamma −11.87 4.87 −11.10 6.18 0.92 −14.02 5.73 −11.09 8.79 0.79 −24.33 6.27 −4.64 11.28 0.15

Bicuculline Delta 10.49 8.49 −11.98 6.97 0.06 28.65 14.42 −5.78 6.41 ↓<0.05* 24.76 10.79 16.28 9.41 0.56
Theta 1.25 2.67 0.66 2.76 0.88 2.20 2.87 1.89 2.27 0.93 0.69 2.10 4.55 2.60 0.26
Alpha 5.27 5.70 20.61 6.36 0.09 −6.66 8.82 20.26 7.75 ↑<0.05* 6.92 3.90 13.16 8.30 0.51
Beta 2.42 5.21 23.85 10.08 0.08 −16.81 8.85 17.44 14.72 0.07 4.42 4.80 −4.00 4.97 0.24
Gamma −14.04 5.91 15.19 10.15 ↑<0.05* −23.79 9.71 11.15 13.16 0.05 −21.11 7.20 −17.68 4.49 0.69

Peak values
Muscimol Delta 2.07 14.48 −4.71 13.86 0.74 18.29 17.37 −10.35 9.14 0.15 72.15 16.14 51.77 19.33 0.43

Theta 5.59 6.59 7.53 6.58 0.84 5.34 8.44 17.76 4.62 0.20 10.11 6.07 5.64 8.27 0.67
Alpha 10.93 14.79 23.78 16.75 0.57 −7.74 15.87 36.67 13.74 ↑<0.05* 7.80 12.13 21.35 15.68 0.50
Beta 22.18 10.59 7.28 12.07 0.37 14.78 20.63 −11.36 13.99 0.31 8.07 9.17 4.75 10.61 0.82
Gamma −24.96 12.42 −2.82 14.02 0.26 −41.94 14.65 6.35 24.77 0.12 −52.54 8.98 −20.10 21.76 0.19

Bicuculline Delta 35.67 19.12 −21.73 15.02 ↓<0.05* 57.69 28.17 −9.64 14.30 ↓<0.05* 69.88 20.81 49.22 19.50 0.48
Theta 1.74 6.57 4.86 6.96 0.75 10.54 9.32 1.62 7.29 0.46 1.73 6.96 10.99 6.21 0.34
Alpha 16.58 12.38 51.38 16.01 0.11 −13.39 14.84 55.23 15.56 ↑<0.01** 20.34 9.59 28.92 16.41 0.66
Beta 9.85 11.38 69.54 20.09 ↑<0.05* −26.38 14.73 51.61 26.89 ↑<0.05* 6.23 10.96 −1.21 10.67 0.63
Gamma −33.01 12.80 59.76 26.27 ↑<0.01** −40.10 17.57 61.62 27.91 ↑<0.01** −34.70 15.90 −50.37 4.52 0.37

Up or down arrows respectively represent an increase or decrease in NRP in AD mice compared to that in WT mice.
P values were obtained from comparisons between groups by Student's t-test.
Abbreviations: NRP, normalized relative power, Hip, hippocampus; PFC, prefrontal cortex; Ctx, cortex; WT, wild type; AD, APP and PS1 double transgenic mice.
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noting that none of these analyses showed significance in WT mice
(P>0.05 for all).

For locomotor activity in the Y-maze, there were no significant
differences between the genotype groups (F(1, 38)= 0.08, P=0.79) or
among drug treatments (F(2, 38)= 0.15, P=0.86) (Fig. 5).

3.2.2. GABAA activation and inhibition altered Y-maze EEG activity in AD
mice

EEG activity was recorded while mice performed the Y-maze task,
for both the training and testing sessions. The RP for each frequency
band was analyzed and compared between groups and among

Fig. 3. Effects of bicuculline treatment on normalized relative power in all EEG frequency bands, except theta, in AD and WT mice. Hippocampus (A–D) and
prefrontal cortex (E–H) EEG activities were recorded for more than 2 h. Dashed line indicates baseline EEG activity. ^P<0.05 and ^^P< 0.01 compared with baseline
activity for AD group; *P< 0.05 and **P<0.01 compared with baseline activity for WT group; #P<0.05 and ##P<0.01 comparison between AD and WT groups.
Abbreviations: Hip, hippocampus; PFC, prefrontal cortex; RP, relative power.
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treatments.
Muscimol treatment decreased PFC EEG activity in the delta band

but increased PFC EEG activity in the theta band in AD mice during the
Y-maze task (Fig. 6). EEG activity was significantly lower in the delta
band and significantly higher in the theta band after muscimol treat-
ment than after saline treatment in both task sessions in AD mice (Delta
in training: F(2,20)= 4.70, P<0.05 and Mu vs. Sal, P<0.05; Theta in
training: F(2,20)= 7.76, P<0.01 and Mu vs. Sal, P<0.01; Delta in
testing: F(2,20)= 3.60, P<0.05 and Mu vs. Sal, P<0.05; Theta in
testing: F(2,20)= 4.40, P<0.05 and Mu vs. Sal, P<0.05), which was
not observed in WT mice (P>0.05 for all). For the Hip region, the EEG
activity for all frequency bands showed no significant differences be-
tween groups or among treatments for either task session (P>0.05 for
all).

Bicuculline treatment led to EEG differences in a wider range of
bands (from delta to gamma) between groups and among treatments
during Y-maze performance, especially in the PFC region (Fig. 6).

Compared with WT mice, AD mice showed significantly decreased RP
in the delta band in both task sessions (Training: t(11)= 3.95,
P<0.01; Testing: t(11)= 4.99, P<0.001). In addition, AD mice
showed significantly increased RP in the high frequency bands, i.e.,
from theta to beta bands during the training session (t(11)=−2.82,
−2.55, and −3.98, P<0.05, <0.05, and <0.01 for theta to beta,
respectively), and from alpha to gamma bands during the testing ses-
sion (t(11)=−4.36, −4.81, and −2.85, P<0.01, <0.01, and <0.05
for alpha to gamma, respectively). Interestingly, when analyzing dif-
ferences between treatments, AD mice demonstrated different EEG
changes to those of WT mice. For AD mice, the RP was lower in the
delta band and higher in the theta band after bicuculline treatment than
after saline treatment during the training session (Delta: F
(2,20)= 4.70, P<0.05 and Bi vs. Sal, P<0.01; Theta: F(2,20)= 7.76,
P<0.01 and Bi vs. Sal, P<0.01). For WT mice, higher delta RP and
lower theta RP were observed after bicuculline treatment than after
saline treatment during the testing session (Delta: F(2,15)= 11.62,
P<0.01 and Bi vs. Sal, P<0.01; Theta: F(2,15)= 5.82, P<0.05 and
Bi vs. Sal, P<0.01). Conversely, Hip EEG activity exhibited similar
differences in the delta band as observed in the PFC region between the
two groups (Training: t(11)= 2.79, P<0.05; Testing: t(10)= 3.35,
P<0.01).

The above analyses after muscimol and bicuculline treatment were
also applied to the Ctx region in AD and WT mice (data not shown). The
only significant difference in EEG activity was found in the beta band after
muscimol treatment, i.e., AD mice exhibited significantly higher RP than
WT mice during the training session (t(11)=−2.97, P<0.05).

3.3. Summary of EEG activity data in AD mice

Table 3 summarizes the spontaneous and task-related EEG altera-
tions in five frequency bands in the Hip and PFC of AD mice. The AD
mice showed an increase in the delta band and decrease in the alpha
band in Hip EEG baseline activity, as well as a decrease in the theta
band in PFC EEG baseline activity. GABAA activation by muscimol
mainly affected PFC EEG activity in AD mice, with a decrease in the
delta band and increase in the theta-alpha bands. In contrast, GABAA

inhibition by bicuculline impacted EEG activity in both the Hip and
PFC, reflected by a decrease in the delta band and increase in the beta-
gamma bands. PFC theta and alpha EEG activities also increased after
this inhibition.

Both types of GABAA intervention induced similar spontaneous and
task-related EEG activity changes in the PFC, i.e., delta activity de-
ceased and alpha activity increased under the spontaneous state, and
delta activity deceased and theta activity increased during Y-maze
performance.

3.4. Total Aβ was higher in AD brains

In AD mice, total Aβ concentrations were 4.44± 0.53 pg/ml for the
Hip and 4.99± 0.20 pg/ml for the PFC, which were significantly higher
than the 0.11± 0.01 pg/ml for the Hip and 0.07±0.00 pg/ml for the
PFC in WT mice (Hip: t(15)=−8.14, P<0.001; PFC: t(14)=−24.61,
P<0.001) (Fig. 7).

4. Discussion

Our results provide the first evidence that slight activation and in-
hibition of GABAA receptors restore EEG activities in aged APP and PS1
double transgenic mice and improve their spatial recognition memory.
AD mice exhibited slower brain activity, with GABAA receptor inter-
vention reversing this alteration, as judged by changes in EEG activity
in the delta-theta frequency bands in the PFC and/or Hip. This acti-
vation and inhibition also led to different EEG activity changes in the
PFC and Hip, indicating specific differences in the related neural me-
chanisms.

Fig. 4. Effects of muscimol and bicuculline treatment on spatial recognition
memory in Y-maze task in AD and WT mice. Percentages of time spent (A) and
visits (B) to three arms during 5-min retrieval trial. Dashed line indicates
chance level (33.3%). *P < 0.05 and **P<0.01 compared with chance level;
oP<0.05 and ooP < 0.01 compared with novel arm in each group; #P<0.05
and ##P<0.01 comparison between muscimol, bicuculline, and saline treat-
ment in AD and WT mice; ^P<0.05 comparison between AD and WT mice.
Abbreviations: Sal, saline; Mu, muscimol; Bi, bicuculline.

Fig. 5. Effects of muscimol and bicuculline treatment on locomotor activities in
Y-maze task in AD and WT mice. Abbreviations: Sal, saline; Mu, muscimol; Bi,
bicuculline.

Y. Fu, et al. Neurochemistry International 131 (2019) 104542

7



In the current study, basal EEG activity in AD mice showed sig-
nificantly increased delta activity and decreased alpha activity in the
Hip. Previous studies on transgenic AD mice and rats with Aβ fragment
injections have also demonstrated an increase in global or Hip EEG
delta activity (Del Percio et al., 2018; Dringenberg, 2000; Hidisoglu
et al., 2018; Jyoti et al., 2010; Platt et al., 2011; Schneider et al., 2014)
and decrease in EEG alpha activity (Ganguly and Guha, 2008; Koss
et al., 2016). Our results are in accordance with these previous studies
exhibiting slower brain activity in AD.

We also found a decrease in PFC theta activity in AD mice under
spontaneous state and during Y-maze performance. This agrees with
previous research, in which AD mice showed reduced frontoparietal
theta activity during cage exploration (Del Percio et al., 2018). In ad-
dition, EEG activity in the theta band also showed alterations in AD
rodents during the resting state (e.g., hippocampal or cortical EEG)

(Gurevicius et al., 2013; Jyoti et al., 2010; Papazoglou et al., 2016;
Schneider et al., 2014; Wang et al., 2002). Conversely, several studies
have found no changes of this frequency band (e.g., hippocampal,
prefrontal, cortical, or parietal EEG) (Liu et al., 2014; Papazoglou et al.,
2017; Zhang et al., 2016). These differences in outcome may depend on
experimental variables, such as animal models and recording sites, as
well as the wakeful states of animals.

In this study, AD mice exhibited impaired spatial recognition
memory in the Y-maze task, as reflected by the decreased percentage of
visits to the novel arm. The Y-maze paradigm is based on a rodent's
natural tendency to explore novelty and is a simple two-trial recogni-
tion test for measuring spatial recognition memory (Fu et al., 2017).
Commonly, the behavioral paradigms for assessing this memory are by
Morris water maze and Barnes maze. These paradigms, however, in-
volve punishments (e.g., falling into water, strong light) that may have

Fig. 6. Effects of muscimol and bicuculline treatment on relative power in five EEG frequency bands in AD and WT mice during Y-maze task performance.
Hippocampus (A-E and K–O) and prefrontal cortex (F-J and P-T) EEG activities recorded during training (A–J) and testing phases (K–T) of task. *P < 0.05,
**P < 0.01, and ***P<0.001 comparison between AD and WT groups during each drug treatment. #P<0.05 and ##P<0.01 comparison between muscimol,
bicuculline, and saline treatment in AD or WT mice. Abbreviations: Train, training phase; Test, testing phase; Hip, hippocampus; PFC, prefrontal cortex; Sal, saline;
Mu, muscimol; Bi, bicuculline; RP, relative power.
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nonspecific effects. Thus, our study provides evidence that spatial re-
cognition memory unrelated to reward or punishment was still im-
paired in AD mice.

Interestingly, the AD mice treated with muscimol and bicuculline
showed improved spatial recognition memory in the Y-maze task. These
findings are in accordance with several previous studies showing that
low doses of both drugs improve memory function in normal and AD
rodents. For example, at very low doses of 0.01–0.05mg/kg, muscimol
can enhance spatial memory in AD rats (Pilipenko et al., 2018). In
addition, bicuculline at doses below 0.1–0.3mg/kg can enhance
memory retention of aversively motivated tasks in normal mice (Brioni
and McGaugh, 1988). Together, these data indicate that even slight
GABAA receptor intervention has implications for memory restoration
in AD rodent models.

The improvements in Y-maze spatial cognition in our AD mice were
accompanied by decreased EEG delta activity and increased EEG theta
activity in the PFC. The decrease in delta band activity in AD mice was
also observed under the spontaneous recording state. Thus, GABAA

receptor intervention caused a shift in neural network activity towards
higher oscillatory rhythm, leading to faster EEG brain activity. As dis-
cussed above, previous research and our data indicated slower EEG
activity in the AD brain. Thus, it could be concluded that slight GABAA

activation and inhibition restored EEG activity in AD mice. Altered EEG
activity can lead to cognitive abnormalities in AD models (Palop and
Mucke, 2016), and EEG recovery may explain improved memory re-
tention.

An apparent paradox is that muscimol is a GABAA agonist and bi-
cuculline is a GABAA antagonist, but both had similar effects on spatial

memory in our AD mice. A possible explanation is that while muscimol
is widely used as a selective GABAA agonist, it actually exhibits more
potent action as a partial agonist at GABAC receptors (Johnston, 2014).
Previous research has indicated that GABAA and GABAC receptors have
opposing actions on short-term memory formation in chicks (Gibbs and
Johnston, 2005). Muscimol may activate both GABAA and GABAC re-
ceptors together, whereas bicuculline blocks only GABAA receptors,
thus confounding the opposing involvement of these receptors on some
aspects of memory. It would be interesting, in the future, to determine
whether the effects of muscimol can be completely blocked by GABAA

antagonists, and whether these effects are insensitive to GABAC an-
tagonists. Such research could help clarify whether muscimol affects
memory based solely on the involvement of GABAA receptors in AD
mice.

In addition, accumulating evidence suggests that GABAA agonists
and antagonists can benefit both normal and AD brains but with dif-
ferent neural mechanisms. GABAA agonists have neuroprotective effects
(Nava-Mesa et al., 2014). For example, muscimol can inhibit neuro-
toxicity, reduce cell death, and protect the Hip from synaptic damage
and apoptosis (Ding et al., 2015). Muscimol also inhibits Aβ-induced
apoptotic death in cultured rat cortical cells (Lee et al., 2005) and de-
monstrates anti-inflammatory effects, normalization of acetylcholine
esterase and GABA expression, and memory enhancement in AD rats in
vivo (Pilipenko et al., 2018). The benefits of GABAA antagonists in AD
relate to the restoration of synaptic plasticity, compensation for the
dampening of hyperexcitation, and cooperation with the cholinergic
system (Li et al., 2016; Palop et al., 2007). For example, application of
GABAA antagonist picrotoxin can prevent long-term potentiation (LTP)
deficits in animal models of AD (Kleschevnikov et al., 2004), whereas
bicuculline treatment can result in LTP-like facilitation in the dentate
gyrus of C57BL/6 and AD transgenic mice (Matsuyama et al., 2008). In
addition, as a competitive GABAA antagonist and acetylcholinesterase
inhibitor, bis(7)-tacrine can enhance memory and may be a potential
palliative therapeutic agent for AD.

On the other hand, although muscimol and bicuculline had similar
effects on EEG delta-alpha activities in the PFC of AD mice, both ex-
hibited specific EEG activity differences in this region as well as in the
Hip. In the PFC, bicuculline increased EEG activities in the higher fre-
quency bands in AD mice (i.e., beta-gamma under spontaneous state
and alpha-gamma during Y-maze task), which were not observed after
muscimol treatment. In the Hip, bicuculline treatment caused sig-
nificant changes in EEG activity across a wider range of bands in AD
mice (except theta-alpha), which were not found with muscimol
treatment.

The specific regional EEG activity differences between muscimol
and bicuculline treatments could be attributed to their distinct

Table 3
Summary of EEG activities in AD mice.

Spontaneous EEG Task-related EEG

Training session Testing session

Baseline Muscimol Bicuculline Saline Muscimol Bicuculline Saline Muscimol Bicuculline

Hip Delta ++ - - - - - -
Theta
Alpha - -
Beta ++
Gamma ++

PFC Delta - - - - - - - - - - - -
Theta - - ++ ++ ++
Alpha ++ ++ ++ ++
Beta ++ ++ ++
Gamma ++ ++

Data were compared with WT mice or the same genotype mice but with saline injection.
Black double pluses or minuses represent significant changes (P< 0.05).

Fig. 7. Total Aβ concentrations in Hip and PFC of AD and WT mice.
***P<0.001 comparison between AD and WT groups. Abbreviations: Hip,
hippocampus; PFC, prefrontal cortex.
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pharmacological profiles. Muscimol exhibits poor blood-brain barrier
penetrability due to its relatively low lipid solubility (Maggi and Enna,
1979), whereas bicuculline exhibits high lipid solubility and penetr-
ability (Engstrom and Woodbury, 1988). In addition, muscimol is a
potent agonist at GABAA receptors and a potent partial agonist at
GABAC receptors, and the action of this chemical agent on different
subunit combinations of most GABAA receptors is relatively uniform
(Johnston, 2014). In contrast, bicuculline acts as an antagonist at
GABAA receptors and is inactive at GABAC receptors, and its potency is
largely independent of receptor subunit composition (Johnston, 2013).

Currently, accumulating evidence suggests that AD pathology in-
volves enhancement in tonic inhibition, such as up-regulation of GABAA

receptors containing the α5 subunit (Li et al., 2016; Wu et al., 2014).
Reducing tonic inhibition by blockade of this receptor subtype can
rescue LTP impairment and alleviate memory deficits in AD mice (Wu
et al., 2014). Thus, it is possible that bicuculline, as a GABAA antago-
nist, improved memory in our AD mice by reducing tonic inhibition
among neurons. However, the competitive antagonism of bicuculline is
suggested to target mainly α1 GABAA receptors (Huang et al., 2003).
Thus, further evidence is required to confirm if other tonic inhibitory
mechanisms other than the α5 receptor subtype are involved in the
pharmacology of bicuculline in the AD brain.

Previous studies have observed an E/I imbalance in AD rodents (Lei
et al., 2016; Leon-Espinosa et al., 2012; Palop et al., 2007). For ex-
ample, very low level soluble Aβ can disrupt Glu/GABA balance, in-
crease neuronal excitability, and impair synaptic plasticity (Lei et al.,
2016). In addition, Aβ plaques decrease GABAergic innervation and
result in imbalance between excitatory and inhibitory inputs (Leon-
Espinosa et al., 2012). Thus, maintaining an intrinsic E/I balance is
considered a potential strategy for AD treatment (Graf and Kater,
1998). Several clinical drugs, such as memantine, shift the E/I balance
from inhibition in brain regions including the PFC (Povysheva and
Johnson, 2016). Our study provides evidence that modulation of E/I
balance contributes to recovery of brain function in AD mice.

The age of the AD mice in the current study was around 12 months.
These mice developed Aβ deposits in the brain at 6–7 months of age
(Wang et al., 2015), and our data showed evident Aβ pathology at the
brain level. Thus, our mice were at a very late stage of AD. Previous
studies have suggested that maintaining a balance between E/I neuro-
transmitter systems constitutes a promising therapeutic approach for
treatment at the early pre-dementia stage of AD (Nava-Mesa et al.,
2014; Palop and Mucke, 2010, 2016). Thus, it would be of interest to
test the role of GABAA in younger AD mice before and at the onset of the
disease, such as at 3–4 and 6–7 months old, respectively.

There is a concern that the observed differences in EEG activity
between AD and WT mice may be due to different effects of muscimol
and bicuculline on the sleep-wake pattern. However, during the Y-maze
EEG experiment, the activities of mice were monitored and evaluated
by indices such as the total number of arm visits. Our data showed no
significant differences in this index between AD and WT groups as well
as among different drug treatments. Thus, the EEG differences between
groups could not result from different behaviors such as sleep-wake
patterns. As similar EEG differences (e.g., delta band) were observed
after drug treatment between spontaneous and Y-maze EEGs, we sup-
posed that the spontaneous EEG results were not merely due to the
different effects of drugs on the sleep-wake pattern. Thus, it would be
interesting to investigate how GABAA drugs affect sleep-wake EEG ac-
tivity in AD animals in future studies.

In summary, we found that GABAA receptor intervention by low-
dose muscimol and bicuculline application restored EEG activity and
improved spatial recognition memory in aged APP and PS1 double
transgenic mice. Our study highlights the potential clinical use of
GABAA agonists and antagonists to improve cognitive disorders and
restore neural network activity in AD.
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